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Abstract Growth factors control cellular growtli, prolifer- 
ation, and differentiation and may have therapeutic appli- 
cations. In this study, we focus on Meteorin which is a 
member of a largely uncharacterized evolutionaty con- 
sei-ved two-member growth factor family. Our analysis 
shows that Meteorin is expressed in the central nervous 
system both during development and in adult mice. 
Detailed immunohistological analysis of the adult mouse 
brain reveals that Meteorin is highly expressed in Berg- 
mann glia and in a few discrete neuronal populations 
residing in the superior coUiculus, the ocular motor nucleus, 
the raphe and pontine nuclei, and in various thalamic 
nuclei. Li addition, low levels of Meteorin is found in 
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astrocytes (SI 00(3+, OX42~) distributed ubiquitously 
throughout the brain, Mctcoj in was cloned and recombinant 
protein purified allowing N-tcrminal sequencing and mass 
spectrometric analysis showing that Meteorin is secreted as 
an unmodified monomer. This form is bioactive as it 
induces neurite outgrowth from dorsal root ganglions in 
vitro. Litrastriatal protein injection and lentiviral studies in 
vivo showed that Meteorin is a highly diffusible molecule 
in the brain and cellular uptake is apparent in specific 
populations which may carry the receptor In summary, we 
provide a comprehensive expression analysis and have 
made and thoroughly vaUdated molecular tools to help 
investigate the therapeutic potential of Meteorin. 
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5-Hydroxytryptamine 
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Conserved dopamine neurotrophic factor 


ChAT 


Choline acetyltransferase 
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GDNF 
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IHC 


Immunohistochemistry 


ISH 


in situ hybridization 


LC-ESI-MS/ 


Liquid chromatography elcctiospra}' ioniza- 


MS 


tion tandem mass spectromctty 


MALDI- 


Matrix-assisted laser desorption/ionization 


TOF 


time-of-flight 


METRN 


Meteorin, glial cell differentiation regulator 


NGF 


Nerve growth factor 


RP 


Reverse phase 


SC 


Superior colliculus 



Published online: 04 March 2009 



O Humana Press 



Neurotrophic growth factors are responsible for the growth 
and survival of neurons during development and for the 
maintenance of adult neurons. Furthermore, many of these 
factors may also be capable of repairing damaged neuronal 
populations in the adult and have therapeutic potential for 
disorders of the central nervous system, including Alz- 
heimer's disease (Schindowski ct al. 2tH)8), Parkinson's 
disease (Evans and Barker 2008), and amyotrophic lateral 
sclerosis (Ekestem 2004). Even though many iniooiianr 
factors have been discovered and arc under dcvcloi;)n n:n! ir- 
therapeutic"; the discovery ot novi,! nuuio!i<iph!c o tii 
tcifoi suth IS cons.ivLd dopanKii nv.uiotiophii. tetter 
(I indhohn Lt dl ) ilhisti.itvs thv corilinuid inooit)iii.c 
oi tht, disto\i i\ ind di-t nkd til i cti.iiA lion ot tin. Sv rvpus 

With Elk .1111 ol iindinj.' no\vl oi unvharKti.ii/i.d 
iKUiofiophic Idclois with th^raOvUtit poti ntial p^l 
biointoHnatic tools to the burr jn mouse nd i • v. i i 
One riolecule identified usmg this aipio ch is \k' )i ii. 
ghal cell diffeientiation reguhtot (Ml IRK; w'lcli h<s 
been desciibed b> "Nishmo and >.o-\\oiktis as i sn.ii.tLd 
protein upregulated in an embiyoiuc carcinoma cell line 
upon exposuie to retmoic acid (Nishino et al. 2004). The 
expression in the adult brain is not well descnbed but, 
dunng development, the METRN transcnpt appears both m 
the central and peripheral nervous system with the most 
prominent levels in neural progenitors, gUal progenitors, 
and cells of the astrocyte Uneage. METRN is a potent 
neurotrophic growth factor that induces axonal outgrowth 
of sensory neurons and, like many other proteins in this 
category, it also affects gUal cell differentiation (Nishino et 
al. 2004). Since its discovery, only one additional paper has 
been pubUshed on METRN reporting cerebral antiangio- 
geiiic activity and promotion of vascular maturation (Park 
et al. 2008). 

To be able to ultimately address the therapeutic potential 
of METRN, initial basic research is needed. Therefore, we 
set out to comprehensively characterize expression and to 
make and validate reagents necessarj' for molecular and 
functional characterization. Initially, messenger RNA 
(mRNA) expression levels were analyzed by semi- 
quantitative reverse transcriptase polymerase chain reaction 
(RT-PCR) and Western blotting followed up by a detailed 
immunohistochciiiical analysis of the adult mouse brain. 
METRN was then cloned and recombinant protein pro- 
duced and purified for biochemical characterization of the 
molecule as well as functional testing in dorsal root 
ganglion explant cultures. Furthermore, rat striatal injec- 
tions of recombinant METRN and lentivirus expressing 
METRN were made to evaluate important in vivo deUvery 
issues such as diffusion, uptake, and transport. 



RNA, Complementary DNA, and Reverse Transcriptase 
Polymerase Chain Reaction RNA from mouse tissues was 
prepared by Zyagen (San Diego, CA, USA). All RNA 
samples were treated with RNase-free DNase to remove 
residual DNA and precisely quantified by triplicate spectro- 
photometry. RNA integrity was verified by denatured agarose 
gel electrophoresis and RNA purity assessed by A260/A280 
measurements demonstrating ratios greater than 1.8 for all 
s«inpk's. For each tissue, exactly 2.5 Mg RNA was used as 
■emi)l?!t.; for complementary DNA (cl)NA) synlhcsis with an 
R\ -\scH deficient reverse transcriplasc derived tVoni 
MoVtLV (Superscript) and a poly-dT primer I wo individual 
bnttlK-s ofcDKA were made and sen;i-quaii)itali\e R I-PCR 
done twice on each batch of cDN A as described previously 
(Jorgensen et al. 'jyAro\ \\ti\\ relevant plasmid DNA as 
standard to ensure deteefion widtm the dynamic range of 
file PCR reaction. V1I-J i^K transciipl wa-, defected using the 
pi imeis \1 hTR\ s (5'-GGTAGCCACGCTrCTTTGC-3') 
and V11-:TRK as (.5'-CTGGGTACAGCCACTCGATAG-3') 
resulfinj,' in a 1 7.3-bp fragment. To confirm equal amount of 
template in the PCR reactions. GAPDH was detected using 
GAPDH_.s (.5'-AACAGCAACTCCCACTCTTC-3') and 
GAPDH_as (5'-TGGTCCAGGGTTTCTTACTC-3'). PCR 
product identity was verified by agarose gel electrophoresis 
and DNA sequencing (MWG Biotech AG, Germany). 
Furthermore, primers were designed to discriminate between 
the three spUce variants of METRN originally submitted to 
NCBI as Hyrac (long: DQ133462, mid: DQ133463, and 
short: DQ133464). The long transcript encodes METRN 
(NP_598480) as described in this paper and as identified by 
Nishino et al. (2004). The primer set (mMETRNx s: 5'- 
TCACGCTGGCTACTCGGAAGACC-3 VrnMETRNx ..as : 
5'-TGCAGCTCTGTGTCATGGGCGACC-3') produce PCR 
products of 637, 345, and 264 bp for the three splice 
variants, respectively. 

Primers were designed using Clone Manager 9 Profes- 
sional Edition from Sci Ed Software (Cary, NC, USA) or 
Oligo (Molecular Biology Insights, Cascade, CO, USA) 
and ordered fiom TAG Copenhagen A/S, Denmark. 

Sodium Dodecyl Sulfate Polyacrylamide Gel Electrophore- 
sis and Western Blotting Protein samples were loaded on 
12% or 15% homogenous sodium dodecyl sulfate poly- 
aciylamide gel electrophoresis (SDS-PAGE) gels, electro- 
phoresed, and stained with PhastGel™ Blue R (GE 
Healthcare, Uppsala, Sweden) according to the manufac- 
turer's instnictions or electroblotted to PVDF membranes 
for Western analysis. METRN was detected using a 
polyclonal goat antibody against recombinant mouse 
METRN (R&D Systems, AF3475) at 0.5 ^g/ml as primary 
antibody and horseradish peroxidase (HRP)-Unked anti- 
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goat (Dako; 1:2,000) as secondary antibody. Omission of 
primary antibody served as a negative control. Two mouse 
mixed tissue Western blots (Zyagen, MW-MT-1) and three 
mouse neuronal tissue Western blots (Zyagen, MW-200) 
were used for evaluation of METRN protein expression. 

Cloning The coding sequence of METRN from mouse 
(NM__133719) was PGR cloned BamWXhoI in pNSln 
(Jensen ct n\. with a 5' Kozak sequence. C -tcnninal 

histidinc tagging was done by incliiding j sequence 
encoding GSGSGSHHHHHH in the iovoino piinier l-<>; 
production of lentivini;-.. ihe :i;-'ovo IhhhHI \/,'."; ■V.i^.riiieiu- 
were transferred into pHsCXW as picviously dcsciibcd 
(Leander et al. 2005). AH constructs were verified by DNA 
sequencing (MWG Biotech AG, Germany). 

Production of Recombinant Mouse METRN FreeStyle''^ 
293-F suspension cells (Invitrogeii) were transfected with 
1 rng pNSln-mMETRN-HIS DNA per liter using Lipofect- 
amine 2000 (Life Technologies). The culture was incubated 
with agitation at ST'C and 8?/© CO2 for 4 days and 
separated into cell pellet and supernatant by centrifugation. 
The supernatant was sterile-filtered and recombinant pro- 
tein purified with TALON Metal Affinity Resin (Clonetech) 
followed by PD-10 gel filtration (GE Healthcare). The 
recombinant protein was stored at -80°C in pure 
phosphate-buffered saUne (PBS) or in PBS + 0.1% HSA. 

Reversed Phase High-Performance Liquid Chromatogra- 
phy Reversed phase chromatography was done on an 
Ultimate™ Micro HPLC system connected to a Probot™ 
Micro fi-action collector (Dionex Corporation, USA) using 
a C4 column (1 x 150 mm, Phenomenex Jupiter, C4, 5 ^m, 
300 A). The elution was performed with a linear gradient 
(0-100% in 60 min) of acetonitrile in 0.1% TFA using a 
flow rate of 50 ^il/rnin and detection at 214 nm. 

N-terminal Sequencing N-tenninal sequence analysis of 
RP-purified recombinant mMETRN-HlS was done by 
Edman degradation using a Precise 494A HT Sequencer 
(Perkin Elmer, AppUed Biosystems Division, CA, USA). 

Mass Spectrometr}' Matrix-assisted laser desorbtioivioniza- 
tion time-of-flight (MALDI-TOF) mass spectrometiy was 
performed using an Ultraflex TOF/TOF instrument (Bruker 
Daltonik, Bremen, Germany) and electrospray ionization 
mass spectrometry (ESI-MS or LC-ESI-MS/.VIS) using a Q- 
TOF instrument (Micromass Ltd, Manchester, UK) 
connected to an Ultimate"^ nano chromatograph (Dionex 
Corporation, USA). For total mass determination, protein 
fractions from RP chromatography were, either directly 
(Ylonen et al. 1999) or after reduction with DTT, alkylation 
with 4-vinylpyridine and desalting by RP (Nakari-Setala et 



al. ] 996), subjected to MALDI-TOF analysis or ESI-MS 
analysis. For MALDI-TOF peptide mass fingerprinting, 
mMETRN-HIS bands from SDS-PAGE were "in gel" 
digested essentially as described by Shevchenko et al. 
(1996). Briefly, proteins (1-2 were reduced with 
dithiothreitol and alkylated with iodoacetamide before 
digestion with trypsin (Sequencing Grade Modified Tryp- 
sin, V5111, Promega). The recovered peptides were then 
analyzed as described earlier (Poutanen et al. 2001). 

Striatal hvection of Recombinant Protein and Lentivirus All 
work mvolvinij animals was conducted in accordance with 
the Damsii Animal Protection Law and with experimental 
procedures approved by the Danish National Committee for 
Ethics in Animal Research. 

Young female Wistar Hannover Galas rats, HarilaciWH 
(Taconic, Denmark) weighing approximately 220 g, were 
used and housed under a 12-h light/dark cycle with free 
access to rat chow and water. Protein and lentiviral 
injections were performed under general anesthesia using 
isofluran (1.5-2%). Animals were injected with either 
METRN protein (1.4 M.g/animal) or rLV vector (2x 
10^ TU/animal) caj-rying the cDNA for WT or His-tagged 
mMETRN (n=6 per group). Using a Hamilton micro- 
syringe with a pulled glass pipette tip, four deposits (0.5 
deposit) of protein or lentivirus were injected into the 
striatum along two needle tracts at the foUovwng coordi- 
nates: track 1: AP=1.4 mm, ML=-2.6 mm with respect to 
bregma and DVi=-5.0 and DV2=-4.0 with respect to 
dura; track 2: AP=0.0 mm, ML=-3.7 mm, DVi=-5.0 and 
DV2=-4.0. The tooth bar was set at -2.3. Rats injected 
with protein were sacrificed after 2-3 h, whereas rats 
injected with lentivector were sacrificed after 2 weeks to 
allow transgenic METRN expression. 

Immunohistochemistry The immunohistochemical analysis 
was performed using brain tissue from the rats described 
above as well as adult inouse brain tissue (female, NMRI 
wild-type) according to previously described procedures 
(Thompson et al. 2005). Briefly, deeply anesthetized 
animals received transcardial perfusions of 0.9% saline 
followed by 4% parafonnaldehyde (PFA), brains were 
removed and post-fixed ovemight in 4% PFA and then 
ciyo-protected in 25% sucrose in 0.1 M phosphate buffer 
for 48 h. Mouse brains were cut on a freezing microtome at 
30 p.m in 12 series in either the coronal or sagittal plane. 
Rat brains were cirt in six series of 40 \Lm coronal sections. 
Free-floating sections were incubated at room temperature 
ovemight with primary antibody diluted in 0. 1 M potassium 
phosphate buffered saline (KPBS) with 0.25% Triton X- 
100 and 5% normal donkey serum (NDS) or normal horse 
serum (NHS). Primary antibodies and dilutions used in this 
stiidy were as follows: rabbit anti-5-hydroxytryptamine 



O Humana Press 



F^ure 1 Semi-quantitative 

RT-PCR (a c) and Western blot 
analysis (d) of METRN 
expression in mouse tissues, 
a Among 1 5 adult mouse 
tissues, METRN mRNA is 
found primarily in tlie brain, 
b METRN mRNA expression in 
19 subdissected adult mouse 
CNS and PNS tissues, 
c METRN mRNA is found in 
whole brain preparations 
throughout development. E 
embryonic day, P postnatal day, 
W weeks postnatal, M months 
postnatal, d Anti-METRN 
Western analysis of 29 
subdissected adult mouse tissues 
showing that METRN is 
expressed only in the CNS. Note 
agreement between RT-PCR 
data (a, b) and Western 
analysis (d) 
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(5HT; Incstax; 1:10,000), rabbit anti-calbindin (Swant; 
1:1,000), mouse anti-choline acetyltransferase (ChAT; 
Chemicon; 1:1,000), rabbit anti-GABA (Sigma; 1:500), 
rabbit anti-GFAP (Dako; 1:1,000), goat anti-Meteorin 



(R&D Systems; 1:500), mouse anti-NeuN (Chemicon; 
1:1,000), mouse anti-OX42 (Serotec; 1:100), mouse anti- 
parvalbumin (Sigma; 1:2,000), and mouse anti-S100(3 
(Sigma; 1:100). For fluorescent double labeling, the 
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Figure 2 [mmunohistochemical analysis of METRN expression in the 
adult mouse cerebellum. A Intensely labeled METRN expressing cells 
can be seen m the Purkmje cell layer ot the cerebellum. B The boxed 
area in A shown at higher magnitication illustrates high expression in 
the Purkmje layer in greater detail {arrows) and also shows that cells in 
the granular layer express a lower level of MbfRN (arrowheads). C 



Radial processes extending mto the molecular layer ai'e decorated with 
METRN in a punctuate pattern (expanded from boxed area in B). D 
Triple labeling shows that METRN (greeii) is expressed by S 100(3+ 
(red) cells diat are mterspersed between calbindin+ {blue) Pmtinje 
neuRins. D' 1)"' Image trtim D represented as single color channels. 
Scale bars represent 100 jun (A), 20 [xm (B), or 25 [im (D) 



antibocK d!itigai complexes were visualized through 
incubation (2 h) in KPBS with 2% NDS, 0.25% triton 
X-100 cind the cippiopiKirc conbm.ttions of the following 
secondaiy antibodies: Cy2 donkey anti-goat; Cy3 donkey 
anti-rab-»it Cv^ donkcv anti-mous^, Cy5 donkey anti- 
rabbit; and C y5 donkey anti-mouse (all 1:200; Jackson 
ImmunoResearch). Smgle labelmg of METRN was 
achieved through mcubanon of the primary antibody- 



labeled sections with biotinylatal Itc.i-c antl--..a! in KPBS 
(+2% NHS, ().25"« triton X-iO'M tut 2 It toiicncd by 
conjiigatiun of HRP using u sticpt;!\ idin-HRP complex 
(ABC elite kit. Vector Laboratories), incubation with .^'3'- 
diaminobenzidine (DAB), and precipitation of the chronio- 
phorewith 1%H202. For peroxidase-based immunochemical 
procedures, sections were quenched of endogenous peroxi- 
dase activity through incubation with 3% H2O2 prior to 
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^ Figure 3 Immunohistochemical analysis of METRN expression in 
the adull rtuiusc corlcx. A .V11-;iRNi cells can he found dillusely 
throughout the cortex. B Higher magnification (boxed area trom A) 
shows individual METRN+ cells with METRN expressed most 
prominently in cellular processes in a stellate pattern, while being 
absent or weakly expressed in the cell soma (arrowhead). C-E The 
vast majority of METRN+ cells with this morphology express SlOOp 
{red in C) and a subset of these also express GFAP (red in D). There 
was no overlap between 0X42+ microglia (red in and IVIETRN 
expression. Boxed areas in C-E are expanded as insets. F Triple 
labeling of METRN (green), GFAP (red), and SIOOP (blue) shows 
diffuse distribution of METRN+/S100|3+ glia not expressing GFAP 
(boxed area expanded as H-H'") as well as the clustering of GFAP 
expressing METRN+/S100P+ around a blood vessel (boxed area 
expanded as G-G'"). G-G'" Typical clustering of GFAP expressing 
astrocytes around a blood vessel — arrowheads denote GFAP+/ 
METRN+ cells, arrows denote GFAP-/METRN+ cells. Note that 
while some of the GFAP+ cells do not appem- S 100(3+, this likely 
reflects that the cell soma is not included in the optical section and 
signal is from associated processes only. Our analysis has shown 
virtually all METRN+ cells to also express SIOOP, irrespective of 
GFAP expression. H-H'") Most METRN+ cells in the cortical 
parenchyma express SIOOP, but not GFAP (e.g., arrow), while 
occasional GFAP expressing cells can also be foimd (arrowheads). 
Scale bars represent 100 nm (A), 20 ^m (B), 50 \mi (C-E), and 
200 ^m (F) 

application of the primary antibodies. Labeled sections were 
slide-mounted and cover-slipped for microscopic analysis. 

Image Acquisition Fluorescent photographs were acquired 
using Leica DMRE laser-scanning confocal microscope 
equipped with green heUum/neon, heUum/neon, and argon 
lasers. 

Dissociated Dorsal Root Ganglia Cultures Rat P5 dorsal 
root gangUons were dissociated using Papain Dissocia- 
tion System (Worthington Biochemical Corp, USA) and 
were subsequently plated in polyomithine-coated 24- 
well plates in DMEM/F12 medium (Invitrogen) with 5% 
heat-inactivated horse serum (Seromed) at a cell density 
of 1.5x10'' cells/cm^. After 1 h, when the cells had 
attached, the medium was changed to serum-free DMEM/ 
F12 with 1% geiitamyciii (Invitrogen) and the indicated 
additions of recombinant METRN or nerve growth factor 
(NGF; R&D Systems). Cells were incubated at 37"C and 
5% CO2 for 1 day and fixed in 4% PFA, Immimocyto- 
chemistry was performed on the fixed cultures using (3-01- 
tubulin antibody (Sigma) diluted 1:15,000 in 1% normal 
horse serum and 0.1% Triton X-100 in PBS followed by 
biotinylated secondary antibody (horse-anti-mouse) fol- 
lowed by ABC Elite kit (Vector Laboratories), where after 
the color reaction was developed using DAB as chromo- 
gen. Neurite length per cell was quantified using Visio- 
Moiph image analysis on at least nine images from 
triplicate wells. The experiment was repeated three times, 
and data shown are the means ± SEM from a representa- 
tive experiment. 



Results 

METRN Is Expressed in the Central Nervous System 
During Development and in Adults 

To initially address expression, METRN mRNA levels 
were analyzed by semi-quantitative RT-PCR in a number of 
adult mouse tissues. In the adult animal, METRN is 
predominantly expressed in the brain but also detected in 
smaller amounts in other organs such as kidney, heart, 
ovary, and skeletal muscle (Fig. la). Within the adult mouse 
brain, METRN mRNA is widely expressed with the highest 
levels in cerebellum, medulla, and brainstem (Fig. lb). 
High expression is also found in the spinal cord but 
METIW transcript levels are low in the adult peripheral 
nervous system. Steady or slightly increasing levels of 
MEFRN mRNA can be detected in the mouse brain during 
development (E10-E18), in pups (P1-W3), and in adult 
animals (M1-M12; Fig. Ic). Three splice variants of 
mMETRX have been reported to NCBI (long: DQ133462, 
mid: UQ 133463, and short: DQ 133464) whei'e the longest 
encodes full length METRN as described by Nishino et al. 
(2004). The long splice variant is by far the most dominant 
form in the tissues examined in this study (data not shown). 

To address the expression of METRN protein in adult 
mouse tissue, protein extracts were analyzed by Westem 
blotting (Fig. Id). METRN protein is detected only in the 
brain and not in oflier organs. Wifliin the brain, the most 
prominent expression is found in the cerebellum but METRN 
is also detectable in virtually all oflier central nervous system 
(CNS) tissues in agreement with RT-PCR data. 

METRN Is Highly Expressed in Bergmann Glia 

but Can also Be Found in Astrocytes Scattered Throughout 

the Mouse Brain 

To investigate METRN protein expression at the cellular 
level, immunohistochemistry (IHC) analysis of the adult 
mouse brain was perfonned. Since METRN protein levels 
are highest in the cerebellum (Fig. 1 d), this region was used 
for optimization and analyzed trrst. Intense staining of cell 
bodies in the Purkinje cell layer was observed with radial 
fibers projecting through the molecular layer to the pial 
surface (Fig. 2 A-C). To identify the cell type expressing 
METRN, hiple labeling was done with SI 00 (3 to mark glia 
cells and calbindin to mark Purkinje neurons (Slemmon et 
al. 1985; Fig. 2 D). It is clear from this analysis that 
METRN is expressed hy glial cells miersporsed between 
Purkinje neurons. This is in line with the Bergmann glia 
which are radial glia similar to Miiller cells of the retina 
where METRN mRNA has been previously detected 
(Nishino et al. 2004). Regarding the cellular distribution 
of METRN in these ghal cells, it appears to be largely 
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excluded from the cell soma and found mainly in the 
cytoplasm along radial processes, as would be expected 
from a secreted protein. In addition to the intensely stained 
METRN expressing gUa in the granule layer, we also 
observed more weakly stained METRN expressing cells, 
with glial morphology, throughout the cerebellar parenchy- 
ma (Fig. 2 B, arrowhead). Further analysis in other 
structures revealed that these cells were distributed fairly 
ubiquitously throughout the brain and upper brainstem, in 
agreement with RT-PCR and Western blot analysis of 
subdissected brain tissues (Fig. 1 B, D — aright). Examples 
from frontal cortex are illustrated in Fig. 3. METRN 
expressing cells were diffusely distributed throughout the 
cortex (Fig. 3 A) displaying a glial morphology with 
METRN expression most prominent in the processes (Fig. 3 
B). Further immunohistochemical analysis directed at proteins 
indicative of glial phenotype showed that virtually all 
METRN expressing gUa also expressed SI 00 (3 (F'ig. 3 C), 
and some expressed GFAP (Fig. 3 D), but there was no 
overlap with 0X42 (Fig. i !:;), indicating an astrocvtic nitlier 
than a microglial phenotype. The GF.AP expressing Vll:, I'RK- 
glia were often seen clustered around blood vessels through- 
out the brain (Fig. 3 F-H), consistent with the nomiai 
distribution of GFAP+ cells in the brain. However, despite the 
prominent ^pearance of this vasculature associated METRN 
+ signal, this was clearly a subset of a broader population of 
METRN expressing gha distributed ttiroughout flie brain. 

METRN Is also Expressed in Defined Neuronal Subsets 

In addition to the ghal expression, we observed a number of 
prominent neuronal populations m discrete brain regions, with 
an intense METRN expression (Fig. 4). In particular, we 
observed METRN ^ neuronal populations in the superficial 
layers of the supeiior coUiculus (SC ; hm. 4 A-C). the ocular 
motor nucleu*; (Fip; 1 D-F) the i iphe , nt! pvnitine nuclei 
(hg Ki H) and aivi m ^clK,us thalanic nutlu (hig 4 1) 
I his pittLHi Liiconu i-.s.-(l I ' iiiit\ oj n^ii o\ i, phtnot>pes 
Mil si/l and momliologv ol tht m iiKms i tl ^ SC o - 
mditatnc ot an intuncuion id^ntitx and i i I h 

wuc tound to also jxpijss CiAB\ (t - ( ) ' < i si n 
H!th tin o^ui II motoi ni^uion 'ih^ncitspe \1 I R\ i i ms 
III tht odilai inotoi ihicIlus vli^ I iigt u iJ ^ tl r 
also expiessed ChAl (Fig 4 F) Ihe vast ii imi it it n M nil 
\!1 I R\ nuiuins thioiighoiit th^ ,c h^ n i 
Lxpi.ssLd iHl i.ig 4 H) \1! !RK L\p .ssi \i 
\\ idi-s'-)! c . J in nuimns thioiijhoiit th^ f i li n i s , | 
distinil j;ioups ul Wl I R\ iiaiions ciHiiJ b , t^d 
basi Joiitht,iiil.nsit\ otVU I RN t,^pu >si,in i hg - !^ these 
clusti.is ot tJIs cLiilv (. 01 K sptindi^d to distinct thalamic 
nuclei as illiistiatcd by counter-labeling with parvalbumin 
and calbmdin. Ihe highest expressing populations were 
found in the latero-postenor and reticular thalamic nuclei. 



Production and Characterization of Recombinant METRN 

To be able to study biochemical properties of METRN, 
recombinant mMETRN-HIS protein was produced in 
Freestyle™ 293-F cells and purified by metal affinity 
chromatography. From reversed phase chromatography and 
SDS-PAGE analysis (Fig. 5a), it is evident that recombinant 
METRN is highly pure. The main peak from reversed phase 
chromatography was collected and used for N-terminal 
sequencing and mass specfrometric analysis. 

N-tenninal sequence analysis gave a pure sequence 
(GYSi:DRC S\VF.....) in agreement with SignalP predic- 
tion (Beiidtsen et al. 2004). The calculated molecular mass 
of the mMEl'RN-HlS polypeptide chain with the deter- 
mined N-terminus and the additional C-terminal extension 
(...GSGSGSHHHHHH) is 30,696.7 Da. If the protein 
contains five disulfide bridges, as expected from the 
primary sequence, the calculated mass is 30,686.7 Da. 
MALDI-l'OF mass spectrometric analysis of METRN- 
HIS gave a mass value of 30,702 Da (Fig. 5b) which, 
within the mass accuracy of the analysis method, suggests 
that the polypeptide chain is a monomer and complete 
without any other posttranslational modifications than the 
possible disulfide bridges. This was further confirmed by 
ESI-Q-TOF mass specfromefric analysis (not shown) of 
the reduced, alkylated (4-vinylpyridine) METRN-HIS 
which gave a single pure mass of 3 1,749.0 Da (calculated 
mass including 10 pyridylethyl groups is 31,748.1 Da). 
METRN-HIS was further subjected to MALDI-TOF 
peptide mass fingerprinting and LC-ESI-MS/MS analyses 
which confirmed the major part (peptide coverage >60%) 
of the sequence, including the N- and C-termini. Further- 
more, down to a few picograms, recombinant mMETRN- 
HIS is recogmzed by anti-Meteorin in the presence of 10% 
fetal calf serum (FCS; Fig. 5c). 

METRN is known to promote neurite outgrowth from 
doisil loot jiinglion explants (Nishino et al. 2004). To 
contirm biological activity of the recombinant mMETRN- 
H.S r ^^ IS Lsted in dissociated P5 rat dorsal root ganglion 
. iKk- ,a -d; In this setup, mMETRN-HIS was 
nioacti\c and promoted neurite outgrowth to the same 
extent as NGF. 

In Vivo Delivery of METRN 

10 be able to eventually evaluate the clinical potential of 
X'liiiRN m animal neurodegenerative disease models, in 
VIVO delivery, dittusion. uptake, and transport are important 
issues In oidLi to stud\ thi se mechanisms, we delivered 
recombinant iniVlli 1 RN-HIS to the adult rat striatum 
through either direct injection of the recombinant protein 
(Fig. 6b-d) or via a lentiviral vector (Fig. 6e-j). Immuno- 
histochemical analysis of tissue from rats, sacrificed 2 h 
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Figure 4 Immunohistochemical analysis reveals that METRN is 
expressed by discrete neuronal populations throughout the adult 
mouse brain. Prominent areas of neuronal METRN expression include 

the superior colliculus {A-C). ocular motor nucleus {D-F). and raphe 
nucleus iG. IT). A Prominent population of neurons m the supenor 
colliculus expressmg MfcTRN B Bu \.ed area fioni A shu«n at gio.itoi 
magnitication illustrates clear neuronal morphology ot METRN f 
cells. C A number of the METRN+ cells {green) in the superior 
colliculus also expressed GABA {red: arrowheads\ Boxed area 
shown as single color channels to demonstrate overlap (C'-C"). D 
Large neiuwns m the ocular motor nucleus expressed MliTKN. /i 
Boxed area Horn D shown at greater magnification. F VutuaUy all 
METRN+ cells {green) in the ocular motor nucleus expressed ChAT 



(red). Boxed area shown as single color chaimels to demonstrate 
overlap {F'-F"). G METRN+ neurons can be found throughout the 
raphe nucleus (Rph, dorsal raphe nucleus pichjred here) and also in the 
pontme nuclei {Pons). H-H" The majority of METRN+ cells (green) 
in the ranhe nucleus also express .5HT {red; e.g.. arrowheads). 11"' 
Neuronal e7\pression of MEfRN {green) was also prominent m the 
thalamus, where it was diflusely expressed across the structure but at 
vaiymg intensities among different thalamic nuclei. Expression was 
high for example in the latero-posterior thalamic nucleus {LFMR) and 
reticular nucleus (Rt). Calbmdint- {red) and parvalbumint {blue) 
ncun)ns arc shown lo exemplify MliTRN distribution across dillcrent 
thalamic compartments. Scale bars represent 50 |xm (A, C, D, F, G, 
and I) and 500 |xm (B, E, and H) 



O Humana Press 




after intiastnatal injection of 1.4 i-ig ot recombinant 
MblRN. showed a widespread distnbiition ot MiilRlsi 
thioimh'Hit the i!i)ected stnatum and oxtiKing ^oitex 
(Hl (>h) I hi. O'lttem ot MI IRN diftusion in the >nictu 
inJicdiaJ li I xtKic^ikiLii di^-tiibiilion with no i.\R i il 
upfdi ^ \ clNs lowited in l!ie stiK.tuin (Hg (it ) .n hi, 
ddiacLiif -.i-ijliin and globus p.ihdiii on the oihei hand, 
Ih 1 w.K mimeioii'- int m*-! iv VU 1 R\ cells with a cleai 
iKnuinai n oipliologN (hg d) i his tibsi^i , ^ tion 

indicates celhiLi up) ki. ot Rioirbininl Ml IRN i- t'luc 
WfS no con. >poiiding '•igna! in iininj.c((.d contu i anii lais 
(data not shown). I he injected HlS-tagged protein could 
also be detected with anti-HIS antibodies, but the signal to 
noise ratio was miicii lower compared to anti-Meteonn 
(data not shown). 

In animals receiving intrastriatal injections of lentivmis 
encoding METRT\', intensely METRN+ cells could be 



observed around the injection site along with a more 
broadly distnbuted MliIRN immunoreactivitv indicative 
of extracellular MblRN protein (Pig. 6e. t). fransduced 
IK ^ ^ ^ pitdominat^K neuions although £ numbLi ot 
M \\ j;liil c^lls were also obs^ived douiid 
1 i)...-i!on sit^ (Pig ()g) tonsistcnl with tnnsduttion of 
striattil projection neuions i nd -.u is^qui-nl cnti.K)j;i di. 
tninsport. Ml IRK tibus could (.Lail\ be tiaccd tion 
the injection site to the globus pallidus (hig. 6h) and 
substantia mgra pars reticulata (Pig. 6i). 



Discussion 

Using RI-PCR and Western blotting, we show that 
MhTRN expression is largely restncted to the CNS in 
agreement with earher observations (Nishino et al. 2004; 
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figure 6 lii vivo delivery ol MEIRN thuough protein injection or 
lentiMial tumM!'ii.tioii a intrastriatal injection b d Ininumohi^lo- 
chemical detection of METRN 2 h after mjection of the lecombiiiiiiu 
protein, b A prominent level of extracellular METRN can be seen 
throughout the injected striatum and also in the ovevlyiiig cortex, c 
Neurons in the septiun ipsilateral to the injected side stamed strongly 

profiles). Note tlie cellular uptake m this septal population, while the 
dittuse striatal signal is indicative ol an extracellular MhlRN protein 
distribution, d Neurons m the globus pallidus also appeared intensely 
stained for METRN on the protem mjected side of the brain (boxed 
area expanded as inset), e-j Immunohistocheimcal detection of 
METRN 2 weeks following lentiviral transduction of striatal cells, e 



Low magnilicaUon oveiTiew showuig the pattern ol METRN I signal 
afler mlraslriatal injection of LV-METRN. f Intensely stained METRN+ 
cells and a ditHise pattern of extracellular METRN could be foimd m 
and aroiincl the stnatal injection site (boxed area expanded as g). g The 
matonty of the transduced, cells had a clear neuronal morphology (e.g., 
wtok) while a smaller number of transduced ghal cells could also be 
obsened (arrowheads). A prominent pattern of METRN+ fibers could 
be seen in botli the globus pallidus (i^) and the substantia nigra pars 
reticulata (SNr, i) on the injected side of ttie bram. j I he backgroimd 
level of METRN staining is shown on the conti-alateral side of the SNr 
for comparison, ac antenor commissure, gp globus pallidus, ic internal 
c^sule. Sir striatum. Scale bars represent 500 |jm in b and e; 200 \xm in 
c, d, and f; 50 \xm in g, h, i, and j 



Park et al. 2008). It has previously been suggested that 
METRN expression is dowiiregulated during brain devel- 
opment (Park et al. 2008), but we observed a slight increase 
in METRN mRNA levels throughout development and 
persistent expression in up to 1 -year-old mice. In the aduit 
brain, METRN niRNA is found in virtually all regions 
examined but at various levels. METRN protein expression 
in adult animals has never been investigated at the cellular 



level. To be able to do this, we thoroughly tested several 
custom-made and commercial METRN antibodies and 
found that only polyclonal anti-mouse Meteorin (AF3475, 
R&D Systems) was useful for IHC in our hands. Using this 
antibody for a detailed analysis of the adult mouse brain, 
high levels of METRN protein in Bergmann glia were 
revealed, but also several discrete neuronal populations, 
such as the superior colUculus, the ocular motor nucleus, 
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the raphe and pontine nuclei, and various thalamic nuclei 
expressed METRN. In addition to these discrete cell 
populations, we also found low levels of METRN in 
SI 00 (3+ astrocytes distributed throughout the brain. Some 
of these were associated with blood vessels in concordance 
with the METRN positive cells in the P7 cortex recently 
described by Park et al. (2008). However, in our study, this 
was clearly a subset of a broader population of METRN 
expressing glia distributed throughout the brain. It is not 
likely that the low signal from astrocytes is background as 
we observe a very similar stellate morphology compared to 
Park with a different antibody. Consistently, we also 
observed METRN protein tliroughout the brain in Western 
blot analysis supported by RT-PCR analysis of the same 
tissues. According to Nishino and co-workers, MET'RN 
mRNA is found exclusively in the Purkinje cell layer of the 
adult mouse brain (Nishino et a!. 2!)04). Our detailed IHC 
analysis of the adult mouse brains conHnTis that this 
expression is by Bergmann glia in this layer but also 
reveals several additional cell populations expressing 
METRN. None of the neuronal populations or the ubiqui- 
tous astrocyte expression disclosed in our study is apparent 
in the Allen Brain Atlas (Lein et al. 2007). 

To study the secretion, processing, and biochemistry of 
METRN, recombinant HIS-tagged protein was made and 
purified. We found that mature mMETRN-HIS is a 30.7- 
kDa monomer with the expected N-terminal and without 
any posttranslational modifications. Since METRN 
migrates according to the expected size in the tissue 
Western analysis, it is most likely also an unmodified 
monomer in vivo. As METRN has been reported to induce 
axonal outgrowth in E12.5 explant and E14.5 dissociated 
dorsal root gangUa (DRG) cultures fiom mouse (Nishino et 
al. 2004), we tested the recombinant protein in similar 
cultures to validate bioactivity. Indeed, METRN induces 
neurite outgrowth in dissociated DRG cultures from P5 rats 
which also indicates that METRN may play a functional 
role postnatally. 

It is anticipated that therapeutic applications of METRN 
may involve the local apphcation of protein to diseased 
neurons in the CNS using encapsulated eel! biodelivery. 
gene therapy, or convection enhanced deliveiy as this 
appears necessary for other growth factors such as glial- 
derived neurotrophic factor (GDNF) and NGF as desciibed 
in applications in Parkinson's (Lindvall and Wahlberg 
2008) and Alzheimer's disease (Tuszynski 2007), respec- 
tively. To prepare for functional testing of METRN in 
animal models, in vivo delivery and diffusion was 
investigated by protein and lentiviral striatal injection. In 
the protein-injected animals, METRN readily diffuses and 
covers the entire striatum within a few hours. Compared to 
GDNF family members (Hamilton et al. 2001), METRN 
diffiision is more efficient, which may be due to the lack of 



heparin-binding sites. We saw no evidence of METRN 
uptake by cells located in the striatum but in the adjacent 
septum and globus palhdus, there were numerous intensely 
labeled METRN-positive neurons which were not present 
in uninjected control animals. This could be due to 
intemaUzation of METRN and one could speculate that 
the receptor should be found on these cells. Likewise, the 
lentiviral delivery showed robust intrastriatal METRN 
immunoreactivity and the in vivo gene therapy- 
characteristic "ectopic" secretion of METRN in the areas 
of striatal neuron projections due to intraneuronal ante- 
rograde transport of METRN and secretion by the nerve 
tenninals. Whether a single dose or sustained delivery is 
preferred, both forms of delivery are possible with 
METRN. lb do protein infusion, further studies are needed 
on the functional stability of recombinant METRN. 

Most growth factors are members of a family, and 
conservation of cysteine residues is often a marked feature 
of such families (Sun and Davies 1995). Together with 
METRN, the undescribed Meteorin-like (GenelD: 210029) 
constitutes a novel family of well-conserved secreted 
factors. The identity between the two family members are 
approximately 40% and all ten cysteine residues in the 
mature sequences are conserved. Analysis of EST and 
genome sequences from various organisms suggests ortho- 
logues for Meteorin-hke in all vertebrates including zebra- 
fish and the frog Xenopus tropicalis, whereas no 
orthologues are found in the invertebrates such as the fruit 
fly {Drosophila melanogaster) and the nematode (Caeno- 
rhabditis elegans). This is also the case for METRN, but 
here no orthologue is found in Xenopus. The identity 
between mature human and mouse METRN is 81%. 
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